Abstract
Introduction
The past decades have witnessed a dramatic increase in the prevalence of adolescent obesity as a worldwide epidemic [1] . Due the expected increasing trend in body mass index (BMI) during their transition to adulthood, the adolescents are prone to excess weight gain during the transition [2] . Obesity increases the risk of various metabolic diseases such as hypertension and diabetes [3] . Glycated hemoglobin (HbA 1c ) is a standard diagnostic tool for diabetes and glycemic management in at-risk individuals [4] , and existing studies have linked the BMI with diabetes risk among adults [5, 6] and adolescents [7, 8] . C-reactive protein (CRP) is an inflammation biomarker following the secretion of interleukin-6 [9] . Chronic inflammation has been associated with various risk factors such as lower socioeconomic status, hypertension [10] , and obesity [11] [12] [13] .
Through the inflammation mechanism [14] , obesity induces a chronic, low-grade inflammatory response as a result of excess nutrients in metabolic cells [15] . This unresolved response could increase levels of cytokines and adipokines such as CRP within adipose tissue [16] , thereby leading to insulin resistance and metabolic dysfunction [17, 18] . Systemic inflammation and elevated CRP levels were found to positively predict HbA 1c and development of diabetes in adults [19] [20] [21] . The inflammation mechanism has, however, not been well established in adolescents, where the duration of exposure to excess adiposity is relatively shorter than in adults. This could impact the induction of proinflammatory cytokines that regulates CRP secretion from the liver and alter the state of the chronic inflammatory process. A previous study [22] found no significant association between CRP and insulin resistance in youths aged 10-16 years after adjusting for obesity.
The National Longitudinal Study of Adolescent to Adult Health (Add Health study) is an ongoing population-based survey [23] that examines the health trajectories of a nationally representative sample of American adolescents into their adulthood. Recent findings of the study [24] have shown that BMI trajectories across adolescence predicted risks of inflammation and diabetes at young adulthood. No empirical studies have, however, evaluated the inflammation mechanism in the effects of adiposity on glucose dysregulation among adolescents. More in-depth research is needed to understand the complex interplay between adiposity and inflammation in the pathogenesis of glucose dysregulation. The present study aimed to build on existing findings to systematically evaluate the potential mediating role of inflammation in this sample. A better understanding of the causal pathways would elucidate the role that inflammation plays in the temporal relationship between BMI growth and glucose dysregulation in adolescents.
First, we aimed to investigate the possible indirect causal effect of growth (annual increase) in BMI on HbA 1c via CRP using causal mediation analysis [25] , a novel analytic method. Since female adolescents typically display fluctuations in inflammatory markers throughout their menstrual cycles [26, 27] , we conducted causal mediation analysis stratified by gender. Second, there is a potential nonlinear relationship between changes in BMI and biomarkers, where the same magnitude of increase in BMI from 20 to 25 could have a different effect than a change from 25 to 30. We tested for potential interaction effects between baseline BMI, BMI growth, and inflammation in moderated mediation models. Figure 1 shows the conceptual model where the BMI growth is hypothesized to predict higher levels of HbA 1c via CRP and both baseline BMI and BMI growth were potential moderators. 
Biomarker Measures
In the Add Health study, biological specimens of metabolic and inflammatory biomarkers were collected from the sample of young adults at time 4. HbA 1c is a measure of the average plasma glucose level over the preceding 3 months [28] . Measurement of HbA 1c does not require fasting and is more reliable than measurement of fasting plasma glucose. Trained field interviewers collected capillary whole blood samples via finger prick from the participants. The capillary whole blood spot collection cards were packaged and shipped to the Department of Laboratory Medicine at the University of Washington. HbA 1c was assayed in dried capillary whole blood spots using dried blood spot calibrators at the laboratory according to the standards of the National Glycohemoglobin Standardization Program (NGSP). The present study used the natural log-transformed HbA 1c as the primary outcome variable. To facilitate judging the clinical relevance, the continuous outcome was dichotomized into a healthy class (HbA 1c < 5.7 mg/dL) and an abnormal class (HbA 1c ≥5.7 mg/dL) using the standard criterion [3] .
CRP is a biomarker synthesized by the liver that reflects the degree of inflammation [9] . CRP was assayed as an inflammatory biomarker using an enzyme-linked immunosorbent assay kit and dried blood spot calibrators under a standard protocol [29] from the capillary whole blood samples. The present study used the natural log-transformed CRP, which closely followed a normal distribution (skewness = 0.82, kurtosis = 0.15), as the mediator variable. Normally, a CRP > 3.0 mg/dL is considered a high risk [6] , and extreme levels of CRP (> 10 mg/ dL) are indicative of acute viral infection. Since extreme CRP levels may not actually represent chronic inflammation, a sensitivity analysis was performed to repeat the current data analysis while removing the 614 individuals with extreme CRP values.
Anthropometric Measures
Participants' height and weight were recorded using a steel tape measure and a digital scale, respectively, across the four time points. The BMI was calculated as the ratio of weight (kg) to the square of height (m 2 ). The present study focused on the intraindividual change of adiposity during adolescence and posited the BMI slope, i.e., the annual rate of BMI increase, as the exposure variable. The baseline BMI (BMI intercept) was proposed as a potential moderator of the effects of the BMI slope on the biomarkers. Given that the raw BMI varies with both age and gender during adolescence, the conventional practice is to analyze the standardized BMI z-scores or percentiles. Such a standardization practice is, however, not recommended for latent growth modeling, since it would alter the relationships of the variables [30] . We derived the BMI intercept and slope via multigroup latent growth models based on the raw BMI values to retain the original metric. To account for sample heterogeneity across age and gender, the latent growth models were conducted separately across gender while adjusting for the baseline age of the adolescents.
Covariate Assessment
To investigate the associations between BMI, CRP, and HbA 1c , the present study controlled for demographic characteristics such as age, race (Black vs. non-Black), annual household income (in thousand USD), and smoking as covariates in the model. At time 4, blood pressure monitors were used to measure the systolic and diastolic blood pressures to derive the MAP.
Other clinical variables such as family history of diabetes, count of subclinical infectious symptoms, and anti-inflammation drug use were included in the model as potential confounders. The respondents were classified as having taken anti-inflammatory drugs if they had taken any of the following medications in the past 4 weeks: nonsteroidal anti-inflammatory drugs, salicylates, Cox-2 inhibitors, inhaled corticosteroids, glucocorticoids, antirheumatics, or immunosuppressive agents. 
Data Analysis
The demographic and health profiles of the Add Health sample were compared across gender using independent-sample t tests and χ 2 tests in SPSS 23 to explore gender differences. The BMI growth was derived via latent growth modeling using Mplus 8 [31] with the robust maximum likelihood estimator. Missing data were handled using full information maximum likelihood under the missing-at-random assumption [32] . Given the gender difference in biomarkers and adolescence stages, the present study carried out the multigroup causal mediation analysis separately in male and female participants. As shown in Figure 1 , the BMI slope was the exposure variable, CRP was the mediator, and HbA 1c was the outcome. Both the BMI intercept and the BMI slope were potential moderators in the models. Model covariates included age, race, log(income), smoking, family history of diabetes, anti-inflammation medication use, count of subclinical infectious symptoms, and MAP. A series of moderated mediation models were tested to evaluate whether the interaction terms between exposure, moderator, and mediator contributed to a better model fit.
The moderated mediation models were carried out using bootstrapping with 5,000 replications. Model comparison was based on the Bayesian information criterion (BIC) and standardized root mean square residual (SRMR). A difference of > 10 in BIC denotes substantial evidence in favor of the model with a lower BIC. The results of the causal mediation analysis [33] portrayed the total natural indirect effect (TNIE), pure natural direct effect (PNDE), and total effect of the BMI slope on HbA 1c via CRP. Supplementary analysis was performed using the logit link to predict the odds of belonging to the high-risk HbA 1c class in a probability metric [34] . The causal effects were computed with mean-centered continuous control variables (at their means) and two sets of values for the categorical control variables (race, smoking, family history of diabetes, and anti-inflammation medication use). The estimates were considered statistically significant if their 95% bootstrap confidence intervals (CIs) excluded zero. The school identification code was used as a clustering variable with sample weight to account for the complex Add Health survey design.
Results

Demographic and Health Profiles of the Participants
The participants had a mean age of 14.9 years (SD = 1.8, range = 10.4-19.9) at time 1, and more than half of them were female (55.7%) and smoked cigarettes (55.8%). Around two-fifth (41.2%) and one-third (33.0%) of the sample reported abnormal CRP and HbA 1c values, respectively. As shown in Table 1 , there were trivial gender differences in race, smoking rate, family history of diabetes, age, and BMI (d < 0.14). 
01). Females who
were Black or had a family history of diabetes showed higher levels of baseline BMI (β = 0.13-0.14, p < 0.01) and BMI slope (β = 0.08-0.12, p < 0.05).
Results of the Moderated Mediation Models
Of the specified moderated mediation models (online suppl. Table S1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000500422), the model with exposuremediator interaction had the lowest BIC and SRMR, and addition of further interaction terms increased the BIC and SRMR. The moderated mediation model with exposure-mediator interaction was considered the optimal model in terms of model fit and parsimony. Table 2 presents the estimates of the moderated mediation model across gender. Among female participants, higher HbA 1c levels were significantly associated with being Black, having a lower income, and having a higher MAP. Among male participants, higher CRP levels were significantly linked to lower income, smoking, use of anti-inflammatory drugs, and subclinical symptoms. 
Direct and Indirect Causal Effects of BMI Growth on HbA 1c via CRP
To probe the exposure-mediator interaction, online supplementary Figures 1 and 2 display the direct and indirect causal effects of BMI slope on HbA 1c across gender. In the figures, BMI slope was both the exposure and the moderator variable that varied from 2 SDs below to 2 SDs above the mean. The PNDE was not significant across gender at the BMI slope mean with the 95% CIs including zero, but it increased as a function of the BMI slope. The TNIE was statistically significant at the BMI slope mean with the 95% CIs excluding zero in females (TNIE = 0.004, 95% CI = 0.002-0.007) and males (TNIE = 0.005, 95% CI = 0.002-0.009). The TNIE increased as a function of the BMI slope and was statistically significant in the range from 1 SD below to 2 SDs above the BMI slope mean across gender.
Direct and Indirect Causal Effects of BMI Slope on Binary HbA 1c Class via CRP
To judge the clinical relevance of the TNIE, causal mediation analysis was performed on the binary HbA 1c outcome. Table 3 shows the causally defined direct, indirect, and total effects of a standardized increase (0.29 for males and 0.36 for females) in the BMI slope from its mean on the binary HbA 1c class via CRP across gender. The TNIE, PNDE, and total effect were all statistically significant and positive across gender with their 95% CI limits excluding zero. Among participants who were not Black, were not smoking, had no family history of diabetes, and did not use any anti-inflammatory drugs, a standardized increase in the BMI slope increased the likelihood of being in the abnormal HbA 1c class by 6-6.6% across gender. The TNIE accounted for 13.3 and 22.7% of the total effect in males and females, respectively. Among participants who were Black, were smoking, had a family history of diabetes, and used anti-inflammatory drugs, a standardized increase in the BMI slope increased the probability by 8.2-8.5% across gender. The TNIE accounted for 15.9 and 21.2% of the total effect in males and females, respectively.
Discussion
The present study is the first to systematically investigate the direct and indirect effects of longitudinal changes in BMI on HbA 1c via CRP using the novel causal mediation modeling. Stratified causal mediation analysis showed consistent findings across gender with identical TNIEs in Table 3 . Both baseline BMI and BMI slope showed comparable total effects on HbA 1c across gender. For adolescents with an excess growth rate in BMI (0.82 and 0.94 kg/m 2 /year in males and females) compared to the average, the likelihood of having abnormal HbA 1c values increased significantly by 6-8%. The adiposity effect showed an increment of 21% compared to the sample proportion (33.0%) of abnormal HbA 1c values. Around one-sixth to one-fifth of this effect can be attributed to the inflammatory response of CRP. Furthermore, the results of Table 3 appear to suggest a greater health risk for the young adults who were Black, were smoking, had a family history of diabetes, and were using anti-inflammatory drugs in terms of both direct and indirect effects via CRP.
Given the lack of relevant studies on moderated mediation effects in this context, the present study adopted an exploratory approach and hypothesized a number of potential paths among the study variables. In particular, we tested for the moderating effects of BMI intercept (the green dotted paths) and the exposure-mediator interaction term (the orange dashed path). The moderated mediation analysis revealed some interesting findings. On the one hand, though adolescents with a higher baseline BMI displayed higher CRP and HbA 1c levels in young adulthood, the baseline BMI did not moderate the relationships between the BMI slope and the biomarkers. This suggests that the adiposity effect on CRP and HbA 1c remains consistent over baseline BMI levels across gender. On the other hand, the present study found a significant exposure-mediator interaction effect on HbA 1c , where the direct and indirect causal effects of BMI slope on HbA 1c via CRP increased as a function of the BMI slope. This result implies that adolescents with excess BMI growth are susceptible to a greater health risk of glucose dysregu- lation. The findings of the present study provide empirical support for the inflammatory mechanism in that CRP could possibly mediate the effects of adiposity on glucose dysregulation. Furthermore, a somewhat greater proportion of the total effect of adiposity on HbA 1c via CRP was found in females than in males. This plausibly suggests a stronger mediating role of inflammation in the adiposity effect, which could be related to the higher fat mass at a given BMI in female adolescents.
Strengths and Limitations of the Study
This study has a number of strengths. First, it utilized a nationally representative sample of adolescents recruited via systematic sampling methods. The Add Health study had high response rates (77.4-88.6%) over a long follow-up period of 14 years across adolescence. The use of post-stratification weights in the analysis permitted generalization of the results to other adolescent samples in the USA. The second strength is the innovative use of the causal moderated mediation technique to evaluate the effects of BMI growth on HbA 1c via CRP. For the binary HbA 1c class, the conventional a × b product formula is not valid for mediation analysis. The current study applied the causal effect formula to decompose the total effect of adiposity on HbA 1c into causally defined direct and indirect effects. Third, this study included multiple sources of data such as biomarkers and anthropometric measures and avoided the common method bias.
Several study limitations should be noted. First, though CRP was proposed as the mediator that predicted HbA 1c based on the inflammation mechanism, both CRP and HbA 1c were concurrently assessed at time 4. The causal effect of CRP on HbA 1c should be interpreted with caution given the possibility of a reciprocal effect of HbA 1c on CRP. The upcoming fifth wave of the Add Health study in 2018/2019 would provide valuable follow-up biomarker data to elucidate the causal relationship. Second, our moderated mediation model accounted for around one-eighth of the total variance in HbA 1c . Apart from the inflammatory pathways, the association between obesity and glucose dysregulation could be explained by alternative endocrine, neural, and cell-intrinsic mechanisms [35, 36] . Future studies should explore the dynamic interplay of these mechanisms in the pathophysiology of glucose dysregulation to clarify personalized interventions for individuals with diverse profiles.
Third, HbA 1c alone may not be the perfect way to define glucose disturbance in younger populations, especially women. For instance, an adolescent with normal glucose tolerance but high glucose consumption could have a higher HbA 1c value than a person with impaired glucose tolerance consuming little carbohydrate. One should note the potential influence of glucose tolerance on the issue of glucose homeostasis. Fourth, more than one-tenth of the original Add Health sample showed abnormally high levels of CRP (> 10 mg/dL) at time 4. This subgroup has been associated with obesity, female gender, low income, and poorer perceived health. For sample completeness and investigation of a dose-response relationship of CRP, the present study did not exclude this subgroup from the analysis, and the sensitivity analysis conducted after having removed this subgroup provided similar results. Further studies could investigate the associated factors and health risks of such significant CRP elevations in this subgroup. Fifth, the absence of randomization in the Add Health study suggests the plausibility of unmeasured confounding among the study variables. Despite the inclusion of various covariates, our analysis did not control for potential confounders such as genetics, perceived stress, and medication use. Unmeasured mediator-outcome confounding could have biased the direct and indirect causal effects.
Practical Implications
The obesity epidemic has brought massive economic costs to societies worldwide [37] . The high prevalence of inflammation and glucose dysregulation in the present study under-Fong: Indirect Effects of BMI Growth on HbA 1c via CRP in Adolescents www.karger.com/ofa scores the clinical significance of potentially adverse metabolic outcomes for these young adults. The Add Health study sample showed an alarmingly increasing BMI trend with substantial individual variation throughout adolescence. A portion of the adolescents showed a diminished growth rate of 0.22 kg/m 2 /year in BMI, which corresponded to a modest rise of 3 over the 14-year period. Among these young adults, the direct effect of BMI slope on HbA 1c was not statistically significant (online suppl. Fig. 1 ) and its indirect effect on HbA 1c via CRP was smaller across gender (online suppl. Fig. 2 ). In contrast, other adolescents displayed an excess growth rate of 0.94 kg/m 2 /year in BMI, implying a massive rise of 13 over the 14 years of the Add Health study. For these young adults, the excess BMI slope posed a greater health risk on HbA 1c either directly or indirectly via CRP than for their normal counterparts. Without timely intervention, this fast-increasing trend might extend well beyond adolescence into middle adulthood and lead to irreversible damage to their metabolic functioning.
To prevent or delay the development of diabetes, preventive interventions need to be available to the high-risk young adults with excess BMI growth or chronic inflammation via the following three approaches. First, weight control programs might aim at dietary restriction to reduce the intake of fat and calories in order to control BMI growth. Second, lifestyle interventions [38] could attain behavioral changes and raise the level of physical activity of these young adults, which could in turn decrease the proportion of prediabetic patients who progress to diabetes. Third, alterations could be made to the daily diet to increase the intake of micronutrients such as phytochemicals that are anti-inflammatory in nature and abundant in fruits, vegetables, and legumes [39] . These micronutrients could disrupt inflammatory signaling and ameliorate the chronic inflammatory response of the adolescents in the long run. Effective interventions should attempt to raise public awareness of the issue of chronic inflammation and its clinical consequences [40] . Future waves of Add Health study data can provide further information on the developmental trend of diabetes and cardiovascular diseases among this young cohort of American adults as they enter middle adulthood.
